circumstances, and these conditions can be associated with the development of brain damage (10, 11) . Therefore, both human fetuses and premature infants potentially can be exposed to circumstances in which they are vulnerable to developing acute and/or prolonged hyperglycemia and brain injury.
In the adult, hyperglycemia is thought to exacerbate hypoxic/ischemic brain injury (12) (13) (14) (15) (16) . The mechanism(s) by which the hyperglycemia intensifies brain damage is the subject of much controversy (15) (16) (17) (18) (19) (20) . The role of hyperglycemia in perinatal hypoxic-ischemic CNS insults has not been completely elucidated. Whether or not increases in glucose concentrations before and during perinatal hypoxic-ischemic episodes are detrimental or beneficial to the immature CNS remains uncertain. Increases in glucose have been reported to promote survival (21) , not to affect (22, 23) and to exacerbate CNS damage (24, 25) .
Glucose-pretreated or glucose-fed juvenile monkeys exposed to cardiovascular arrest develop brain edema, widespread cerebral injury, and impaired blood-brain barrier function, whereas food-deprived monkeys recover (26) . Several studies have demonstrated that hyperglycemia in conjunction with hypoxic/ischemic episodes in piglets accentuates the decreases in brain pH, increases in the production of lactate and lipid peroxidation products, and increases pathologic damage (27) (28) (29) . In exteriorized asphyxiated fetal sheep, hyperglycemia was associated with reduced cerebral oxygen consumption and deterioration of the somatosensory evoked potentials (24) and in the newborn dog, hyperglycemia accentuated brain damage in select brain regions (30) .
In contrast to the studies outlined above, the outcome was improved in hypoxic-hyperglycemic compared with hypoxicnormoglycemic piglets (31) . Immature anoxic mice pretreated with glucose survived longer than anoxic control mice (21) , elevated blood glucose concentrations preserved energy reserves in immature rats (32) and electroencephalographic activity in fetal sheep (33) and glucose concentration did not affect the rate of lactate accumulation in young rabbits or neonatal dogs subjected to cerebral ischemia (22) .
The studies summarized above used divergent methods to achieve the hyperglycemia, with large ranges in infusion times and varying concentrations of glucose. Pathologic findings of these studies focused predominantly on the cerebral cortex, disregarding potential injury to white matter.
Similar to the human, the sheep has a relatively long gestation and a mature brain at birth (34) . The sheep fetus has been used extensively for physiologic and pathophysiological studies of the brain (35) (36) (37) (38) (39) (40) . Studies have not examined the pathologic consequences of an acute and/or prolonged exposure to hyperglycemia on brain ischemia in a fetal subject. As outlined above, fetuses of poorly controlled diabetic women and premature infants can be exposed to acute and prolonged increases in systemic glucose concentrations and conditions that potentially result in brain damage.
In this study, we examined the effects of prolonged moderate hyperglycemia with and without an additional rapid injection of glucose on ischemic brain injury in the ovine fetus. We used the methods of Williams et al. (41) to induce ischemia by bilateral occlusion of the carotid arteries after ligation of the vertebral-occipital anastomoses. We have previously examined the severity of the damage in white matter, cerebral cortex, and hippocampus with a modification of the scoring system established by Williams et al. (41) on whole brain sections stained with Luxol fast blue-hematoxylin and eosin (40) .
MATERIALS AND METHODS
This study was conducted after approval by the Institutional Animal Care and Use Committees of Brown University and Women and Infants' Hospital of Rhode Island and according to the National Institutes of Health Guidelines for the use of experimental animals.
Animal preparation. Surgery was performed on 25 mixed breed ewes from 117 to 124 d of gestation. Anesthesia was induced in the ewes by an intramuscular injection of ketamine and maintained with 1-2% halothane and oxygen after endotracheal intubation. The uterus was exposed by a midline abdominal incision, and the fetus operated on through a hysterotomy with minimal loss of amniotic fluid (42, 43) . Polyvinyl catheters were placed into a brachial artery and advanced to the thoracic aorta for blood sample withdrawal, into a femoral artery and advanced into the thoracic aorta for heart rate and blood pressure monitoring, and into a brachial vein for drug or glucose administration. An amniotic fluid catheter was placed as a referent for fetal arterial blood pressure.
The fetal carotid arteries were exposed caudal to the angle of the mandible (41) . Two inflatable 4-mm vascular occluders (In Vivo Metric, Healdsburg, CA) were placed around each carotid artery at the level of the 3 rd to 5 th vertebrae; a total of four occluders were placed in each fetus (41, 44) . This was done so that, if one occluder did not function properly, the second occluder could be relied upon for the occlusion (41) . The vertebral-occipital anastomoses proximal to occluder were ligated to restrict blood flow from the vertebral circulation (41, 44) . The lingual arteries were ligated to restrict noncerebral blood flow. For EcoG measurement, two pairs of stainless steel screws (size 0 -80, Small Parts, Inc., Miami Lakes, FL) were implanted via burr holes into the fetal skull and onto the dura. They were placed overlying the parietal cortex 3 mm posterior to the bregma and 3 mm anterior to the intersection of the sagittal and occipital sutures with each 15 mm lateral to the sagittal suture as previously described (41) . A reference electrode also was sewn to the scalp. The stainless steel screws were connected to the recorder by shielded polyvinyl chlorideinsulated wires 0.25 mm in diameter (Alpha Wire Co., Elizabeth, NJ). The EcoG was performed in the fetal sheep to determine that it became isoelectric during the cerebral ischemia (41) .
The ewes were permitted a recovery of 4 -7 d after surgery. The vascular catheters were flushed every other day with heparinized saline (10 U/mL) to maintain patency. Antibiotics (1 g ampicillin and 10 mg amikacin) were administered to the ewe intramuscularly daily for 3 d after surgery. In addition, the fetus was given ampicillin (100 mg/kg) and amikacin (5 mg/ kg) on each day the catheters were flushed. Studies were performed on the fetus if the fetal arterial blood gases were within the normal range (pH Ͼ 7.30, PaO 2 Ͼ 18, and PaCO 2 Ͻ 622 60 mm Hg at 39.5°C). None of the ewes exhibited signs of infection between the initial instrumentation and the experimental studies. The temperatures of ewes with the shamoperated fetuses were the same as those of the experimental groups (38.4 -38.7°C).
Experimental protocol and methodology. Four to seven days after surgery, animals were assigned to one of four groups: 1) glucose-infused fetuses exposed to 30 min of bilateral carotid artery occlusion followed by 48 h of reperfusion (I/R-Glu, n ϭ 8); 2) glucose-infused fetuses plus rapid glucose injection (1 g/kg i.v. glucose; peak concentration: 7.22 mM) given 100 min before 30 min of carotid occlusion and followed by 48 h of reperfusion (I/R-GluR, n ϭ 4); 3) placebo-infused fetuses, 30 min of carotid occlusion and 48 h of reperfusion (I/R-PL, n ϭ 8); and 4) glucose-infused, sham-treated fetuses without occlusion and 48 h of sham reperfusion (control, n ϭ 5). The fetuses were assigned to the above groups, before the onset of the experiments, generally such that at any one time we studied two animals simultaneously: an I/R-Glu and control fetus, or I/R-Glu and I/R-GluR. The I/R-PL group has been reported previously, but studied over the same time interval (40) . It was included here for comparison with the I/R-Glu group, to limit unnecessary animal usage and was justified, because the studies were performed using the same study design (40) .
Fetal sheep were infused with glucose (9 -16 mg/kg/min, plasma concentration: 2.4 -3.7 mM) continuously for 48 h before, during, and 48 h after the 30 min of carotid occlusion or sham treatment (no occlusion) for a total of 96 h. The objective of the continuous glucose infusion was to maintain 2-to 3-fold increases in fetal plasma glucose concentrations over baseline values (baseline range, 0.9 -1.5 mM) for the 96-h study. The plasma glucose concentrations of the fetuses were measured twice daily to adjust the infusion rates to achieve the targeted range of plasma glucose concentrations. For the purpose of this study, exposure to the 2-to 3-fold increases in plasma glucose concentrations for 96 h, i.e. 48 h before, during, and after carotid occlusion or sham treatment was considered prolonged moderate hyperglycemia. The placebo treated group (I/R-PL) received a continuous infusion of 0.9% NaCl.
In the I/R-GluR group, the fetal sheep received the same prolonged glucose infusion rate as outlined above. In addition, an injection of i.v. glucose (1 g/kg of estimated fetal weight) was given rapidly 100 min before the onset of carotid occlusion. We added this group to our study, because, during preliminary studies, we had inadvertently found that a rapid infusion of glucose in addition to the continuous infusion resulted in severe brain damage in the fetus. We also included this group, because premature infants who develop hyperglycemia, during parenteral alimentation, corticosteroid treatment, etc. can experience severe acute episodes of hyperglycemia superimposed upon moderate elevations in plasma glucose.
Cerebral ischemia was induced by inflating the carotid artery occluders with 0.9% NaCl for 30 min. In the control sham group, the occluders were not inflated. An isoelectric EcoG was used to ensure the reproducibility of cerebral ischemia (41).
Arterial pH, blood gases, heart rate, mean arterial blood and amniotic fluid pressures, and plasma glucose and lactate concentrations were measured on the fetus at baseline (Ϫ48 h), Ϫ24 h, Ϫ1.5 h, 15 min, 1, 2, 24, and 48 h after cerebral ischemia or control sham treatment. Heart rate and mean arterial blood and amniotic fluid pressures in fetal sheep were measured with pressure transducers (Model 1280 C, HewlettPackard, Lexington, MA) and recorded on a polygraph (Model 17758 B Series, Hewlett Packard). For fetal EcoG measurements, the parietal EcoG was amplified, filtered, and recorded by a Grass Instruments recording system (30-Hz low-pass filter, 7 PI preamplifier, DC driver, model 70, Grass Instruments Co., Quincy, MA). The EcoG was monitored and intermittently recorded.
Blood gases and pH were measured on a Corning blood gas analyzer (Model 238, Corning Scientific, Medford, MA) corrected to 39.5°C for the fetus and 38.5°C for the ewe. Plasma glucose and lactate concentrations were determined in duplicate using a glucose/lactate analyzer (YSI 2300 STAT, YSI Inc., Yellow Springs, OH).
Brain removal and pathologic methods. At the end of the reperfusion period, the ewe was given i.v. pentobarbital (15-20 mg/kg) to achieve a surgical plane of anesthesia. A hysterotomy was performed and the fetus was withdrawn from the uterus with the umbilical circulation intact. The brain was rapidly removed and immersion fixed in 10% formalin. Then the ewe was killed with pentobarbital (100 -200 mg/kg).
Formalin-fixed whole brains were coronally cut at 1-cm intervals into six serial brain slices and paraffin embedded. The brain regions located within each slice are as follows: slice 1 (S1) was prefrontal cortex, slice 2 (S2) was frontal cortex, slice 3 (S3) was posterior medial eminence, slice 4 (S4) was parietal-occipital junction, slice 5 (S5) was occipital pole, and slice 6 (S6) was cerebellum and brainstem. Eight-micrometer-thick histologic sections from each paraffin-embedded block were routinely deparaffinized, rehydrated, and stained with Luxol fast blue in combination with hematoxylin and eosin to delineate clearly the white matter lesions.
The well-established scoring system of Williams et al. (41) was modified to include both white matter and neuronal scores (40) . The whole mount coronal sections were scored by two pathologists for white matter, cerebral cortical, and hippocampal lesions. The pathologists scored the brain sections without knowledge of the treatment groups. Myelin degradation and reactive gliosis were indicative of white matter damage (41, 45) . Nuclear pyknosis, cytoplasmic reddening and condensation, and hyperchromatism were indicative of neuronal injury. The pathologists scored the most severely injured area of each section using the following pathologic scoring system (0 -5), where 0 ϭ 0%, 1 ϭ 1-25%, 2 ϭ 26 -50%, 3 ϭ 51-75%, 4 ϭ 76 -95%, and 5 ϭ 96 -100% of the area damaged.
Statistical analysis. All results were expressed as mean Ϯ SEM. Serial measurements of physiologic variables were compared by two-factor ANOVA for repeated measures with group and time as the factors (46) . If a significant difference was found by ANOVA, the variables were further compared by a two-group t test corrected for multiple comparisons by the Bonferroni method to detect specific differences between 623 groups. To further describe and enhance the statistically significant effects of treatment over time, separate ANOVA for repeated measures were performed within each group. If a significant difference was found by ANOVA, the NewmanKeuls posthoc test was used to identify specific differences within the groups. The brain scores were analyzed by ANOVA for repeated measures for three factors with slice, region, and group as the factors. A repeated-measures ANOVA was applied to the brain slices, because multiple slices were examined within the same brain. Initially, the pathologists were analyzed as an additional factor in the model. This analysis demonstrated that there were no statistically significant differences between the two pathologists. Therefore, the scores by both pathologists were averaged to obtain the final scores for each brain section. Although the scores represent ordinal rather than continuous data, we used parametric ANOVA procedures to analyze the scores rather than nonparametric statistical analysis, because the averages of the pathologists' scores tended to be continuous and examination of residuals indicated that the normality assumption was tenable. The calculations were done using the Statistical Analysis Program (SAS Institute, Cary, NC) (47) . The results were considered statistically significant whenever the p value was Ͻ0.05.
RESULTS

Physiologic variables.
Arterial pH, carbon dioxide tension, and base excess were within normal physiologic ranges for our laboratory (42) and did not change during the study periods within or between groups, except for the increases in the carbon dioxide tension after brain ischemia in the I/R-Glu compared with the I/R-PL group (Table 1) . The higher carbon dioxide tension in the I/R-Glu group was most likely a result of accelerated fetal metabolism because of the glucose infusions (48) . Small variations in arterial PaO 2 , heart rate, and mean arterial blood pressure among the study periods and groups were within normal physiologic range, and probably not of major physiologic consequences.
Plasma glucose concentrations increased significantly from baseline values during the continuous glucose infusions in the control, I/R-Glu, and I/R-GluR groups (ANOVA: within groups, all times differ from baseline i.e., Ϫ48 h, p Ͻ 0.05), but did not differ significantly among the groups (Fig. 1) . In the placebo infused I/R-PL group, there was a small increase in plasma glucose concentration after ischemia. After the onset of the glucose infusions, plasma glucose concentrations were higher in the I/R-Glu than in the I/R-PL group. Plasma lactate concentrations also increased significantly over time from baseline in the control group (ANOVA: within group all times differ from baseline, i.e. Ϫ48 h, p Ͻ 0.05) and, in the placebo-infused I/R-PL group, after brain ischemia. Although the lactate values appeared to increase during the studies in the I/R-Glu and I/R-GluR groups, the changes were not statistically significant most likely because of the large standard errors of the mean in the fetuses exposed to cerebral ischemia and exogenous glucose infusions (Fig. 1) . All of the fetuses in the I/R-Glu, I/R-PL, and I/R-GluR groups, but not in the control group, exhibited isoelectric EcoG tracings during the 30 min of bilateral carotid artery occlusion. Pathology. Representative whole mount ( Fig. 2A) , white matter (Fig. 2B ) and cerebral cortex (Fig. 2C ) coronal brain sections stained with Luxol fast blue-hematoxylin and eosin from the glucose-infused fetuses exposed to control treatment (Control), glucose-infused fetuses exposed to bilateral carotid artery occlusion followed by 48 h of reperfusion (I/R-Glu), placebo-infused fetuses exposed to carotid occlusion and 48 h of reperfusion (I/R-PL), and glucose-infused fetuses plus rapid glucose injection given before carotid occlusion followed by 48 h of reperfusion (I/R-GluR) are illustrated in Figure 2 . The coronal sections from the control fetus exhibited healthyappearing cerebral cortex and intragyral white matter with homogenously blue-stained myelin. In contrast, the sections from the fetuses exposed to glucose infusion before and during ischemia/reperfusion (I/R-Glu) exhibited damage to the cerebral cortex and white matter. These areas showed pallor on Luxol fast blue staining and thinning of the cerebral cortex indicating white matter and neuronal loss, respectively. The sections from the placebo-infused fetuses exposed to ischemia/ reperfusion (I/R-PL) exhibited a comparable amount of damage to the cerebral cortex and white matter. The sections from the I/R-GluR group that had received the additional rapid injection of glucose before ischemia exhibited severe neuronal loss in the cerebral cortex and extensive intragyral white matter loss, manifested by marked pallor on Luxol fast blue staining and microscopic foci of cystic degeneration in both the cortex and white matter.
The pathologic scores of the coronally sliced whole brain sections demonstrated that the I/R-Glu group exhibited greater damage across the six brain slices when compared with the slices of the control group. Each individual brain slice from the I/R-Glu group was significantly more damaged than the corresponding slice from the control group (Fig. 3) . The I/R-PL group has been previously reported (40) , but was included here for comparison with the I/R-Glu group. The pathologic scores of the whole brain sections of the I/R-PL and I/R-Glu groups did not differ significantly. The pathologic scores of the whole brain sections of the I/R-GluR group exhibited more severe damage across the six brain slices when compared with the slices of the control and the I/R-Glu group. Each individual brain slice from the I/R-GluR group was significantly more damaged than the respective slices from both the I/R-Glu and control groups (Fig. 3) .
The six slices were averaged to obtain the pathologic scores for the cerebral cortex, white matter, and hippocampus (Fig. 4) . Results from the averaged scores indicated the I/R-GluR scores were significantly greater in the three regions when compared with the control and I/R-Glu groups. Although the injury in the cerebral cortex, white matter, and hippocampus appeared greater in the I/R-Glu group when compared with the control sham group, statistical significance was not observed, possibly reflecting our small sample size and the variability of the individual responses to ischemia. We cannot rule out the possibility that an increase in the number of animals examined might have clarified whether changes could be detected in the I/R-Glu group. There were no significant differences in the quantity of brain injury between the glucose and placebo infused groups exposed to ischemia/reperfusion.
DISCUSSION
We examined the effects of moderate prolonged hyperglycemia with (I/R-GluR) and without (I/R-Glu) an additional rapid injection of glucose on ischemic brain injury in ovine fetuses at 80% of gestation. Cerebral ischemia was induced by ligation of the vertebral-occipital anastomoses and bilateral occlusion of the carotid arteries according to established procedures (40, 41) . The scoring system of Williams et al. (41) was modified to include both white matter and neuronal scores (40) . The pathologic scores of the coronally sliced whole brain sections stained with Luxol fast blue-hematoxylin and eosin of fetuses exposed to prolonged moderate hyperglycemia and ischemia exhibited greater damage than the glucose-infused nonischemic control animals and a similar quantity of damage to our previously reported fetal sheep exposed to normoglycemic ischemia (40) . When an additional rapid glucose injection was given before the induction of ischemia, the fetuses developed extremely severe brain damage. We have previously demonstrated reproducible white matter and cerebral cortical lesions in ovine fetuses at similar gestational ages using the same method to induce brain injury (40) . The reproducibility of this model can be demonstrated by comparing the pathologic scores in the brain regions of the glucose-infused sham control fetuses (cerebral cortex:1.12 Ϯ 0.13; white matter: 0.82 Ϯ 0.34; hippocampus: 0.80 Ϯ 0.34) from the current study with those of our previous work in normoglycemic placebo-infused control fetuses (cerebral cortex: 0.93 Ϯ 0.09; white matter: 0.80 Ϯ 0.33 and hippocampus: 1.00 Ϯ 0.00) (40) . The similarity between the scores in the placebo-and glucose-infused control groups also confirms that exposure to 96 h of moderate hyperglycemia itself does not result in measurable pathologic brain injury in the sheep fetus.
The pattern of injury observed across the six brain slices also demonstrates the reproducibility of the ischemic brain injury. The I/R-Glu group in the current study (Figs. 3 and 4) exhibited the same pattern as the placebo-infused/ischemic animals exposed to 48 h of reperfusion in our previous report (40) . In both studies, the damage progressed from the frontal cortex (S2), peaking in the regions of the parietal-occipital junction (S4) and occipital pole (S5), leaving the cerebellum and brain stem (S6) relatively intact. The overall pathologic scores also were similar in the in the whole brain slices and cerebral cortex, white matter, and hippocampus (Figs. 3 and 4) between the I/R-Glu group in the current study and placebo-infused fetuses exposed to the same insult from our previous study (40) . Therefore, prolonged exposure to moderate hyperglycemia before, during, and after ischemia does not affect the extent of fetal brain injury resulting from 30 min of carotid occlusion and 48 h of reperfusion. However, although we observed significant differences between the control and I/R-Glu groups for equivalent brain slices in Figure 3 , when the data were combined to examine changes in the white matter, cortex, and hippocampus in Figure 4 , significant differences were not observed between these groups. The lack of differences in the white matter, cerebral cortical, and hippocampal scores between the control and I/R-Glu groups in Figure 4 most likely results from the smaller statistical power, when the combined scores were examined.
The pattern of injury observed in the I/R-GluR group differed considerably from that of the control group exposed to , top panel, 1ϫ) , white matter (B, middle panel, 40ϫ), and cerebral cortex (C, bottom panel, 100ϫ) coronal brain sections stained with Luxol fast blue-hematoxylin and eosin from glucose-infused fetuses exposed to control treatment (Control), glucose-infused fetuses exposed to bilateral carotid artery occlusion followed by 48 h of reperfusion (I/R-Glu), placebo-infused fetuses exposed to carotid occlusion and 48 h of reperfusion (I/R-PL), and glucose-infused fetuses plus rapid glucose injection given before carotid occlusion followed by 48 h of reperfusion (I/R-GluR). The coronal sections from the control fetus exhibited healthy appearing cerebral cortex and intragyral white matter with homogenously blue-stained myelin. In contrast, the sections from the fetuses exposed to glucose infusion before and during ischemia/reperfusion (I/R-Glu) exhibited damage to the cerebral cortex and white matter. These areas show pallor on Luxol fast blue staining and thinning of the cerebral cortex indicating white matter and neuronal loss, respectively. The sections from the placebo-infused fetuses exposed to ischemia/reperfusion (I/R-PL) exhibited a comparable amount of damage to the cerebral cortex and white matter. The sections from the I/R-GluR group exhibited severe neuronal loss in the cerebral cortex and extensive intragyral white matter loss, manifested by marked pallor on Luxol fast blue staining and microscopic foci of cystic degeneration in both the cortex and white matter. 626 prolonged moderate hyperglycemia without carotid artery occlusion. The addition of a single rapid injection of glucose before ischemia resulted in severe devastating pathologic injury to all brain regions (S1-S5) with less damage in the cerebellum and brain stem (S6, Fig 3. ) The level of injury was also severe in the cerebral cortical, white matter and hippocampal regions (Fig. 4) .
In our study, we did not examine the effect of a single acute injection of glucose before carotid occlusion on brain injury in normoglycemic fetal sheep. Therefore, we cannot be certain whether the brain damage would have been similar if the fetal sheep had not been exposed to the continuous glucose infusion before the rapid injection of glucose. However, we speculate that the damage might have been greater than we have observed after ischemia and 48 h of reperfusion in normoglycemic fetal sheep (40) .
Premature and newborn infants are often exposed to conditions and therapies, which predispose them to carbohydrate disequilibrium such as prematurity, maternal diabetes, intrauterine growth retardation, sepsis, parenteral nutrition, and glucocorticoid treatment (3) . At the same time, they also can be at high risk for hypoxia, hypotension, pneumothoraces, and hemodynamic abnormalities, which could predispose them to brain injury (10, 11) . The findings of our study may be interpreted to suggest that prolonged exposures to moderate increases in plasma glucose concentrations during these potential episodes would not necessarily exacerbate brain injury.
In our study, we examined 2-to 3-fold increases in plasma glucose concentrations. In the normoglycemic sheep fetus, plasma glucose concentrations are approximately 0.9 -1.5 mM and during the glucose infusions, the plasma concentrations ranged from 2.7 to 4.0 mM. In the human neonate, normoglycemic values varies from 2.2 to 4.4 mM (3, 49) . Therefore, based upon our current findings and those of our previous work on the effects of hyperglycemia on the renal function in premature infants (50) , prolonged elevations in plasma glucose concentrations, i.e., 5.5-8.3 mM, are most likely relatively safe at least with regard to the renal functional changes and their potential affect on brain injury in the neonate. In contrast, acute sudden elevations in plasma glucose concentrations, at a time when neonates are at risk of brain injury, could have severe deleterious effects on the brain.
For the last two decades, delayed neuronal death developing after ischemia has been attributed to the accumulation of lactic Figure 3 . Pathologic scores of the coronally sliced whole brain sections stained with Luxol fast blue-hematoxylin and eosin. All slices received pathologic scores of 0 -5, where 0 ϭ 0%, 1 ϭ 1-25%, 2 ϭ 26 -50%, 3 ϭ 51-75%, 4 ϭ 76 -95%, and 5 ϭ 96 -100% of the area damaged. The brain regions represented within each slice are: slice 1 (S1) was prefrontal cortex, slice 2 (S2) was frontal cortex, slice 3 (S3) was posterior medial eminence, slice 4 (S4) was parietal-occipital junction, slice 5 (S5) was occipital pole, and slice 6 (S6) was cerebellum and brainstem for the control (n ϭ 5), I/R-Glu (n ϭ 8), I/R-PL (n ϭ 8), and the I/R-GluR (n ϭ 4) groups. Values are mean Ϯ SEM.
* ANOVA, main effects across brain slices vs control group, p Ͻ 0.05; ϩ ANOVA, main effect across brain slices vs I/R-Glu group, p Ͻ 0.05; ‡p Ͻ 0.05 vs the equivalent slice in the control group; § p Ͻ 0.05 vs the equivalent slice in the I/R-Glu group. acid during the ischemic insult (51, 52) . The frequently referenced study of Myers and Yamaguchi (26) demonstrated that glucose administration terminated shortly before cardiac arrest significantly exacerbated postischemic brain damage. Since that time, hyperglycemia has been shown in numerous studies to exacerbate ischemic damage (12) (13) (14) (15) (16) . Because hyperglycemia also increases intraischemic lactic acid levels (27) (28) (29) , it was reasonable to conclude that lactic acidosis itself exacerbates the ischemic brain damage during hyperglycemia. However, the role of glucose in brain injury in the adult as well as juvenile or fetal animals is far from resolved because many studies have failed to show detrimental effects resulting from glucose infusions and some have even shown beneficial effects of preischemic glucose infusions both in vitro (53) (54) (55) (56) and in vivo (21, 22, 31-33, 57, 58) . In addition, several studies have demonstrated that lactate plays an important role in brain energy production (17, 59, 60) and, rather than exacerbating damage, it might actually attenuate the injury (17, 61) . However, we cannot comment upon the role of brain lactate concentrations in the brain damage in our study, because we did not measure brain lactate in our fetal sheep.
The timing of the hyperglycemic exposure relative to the ischemic event also could have an important impact on the severity of ischemic damage (15, 20, 26 ). It appears that more severe damage develops when glucose infusions are given closer to the time of the ischemic event (15, 20, 26) . Our results are consistent with recent findings that demonstrated that preischemic glucose loading induced short-lived elevations in glucocorticoids that, when present during an ischemic insult, initiated a cascade of events that increased neuronal damage (20) . In our study, the significant differences between the fetuses exposed to the continuous-glucose infusion and carotid artery occlusion (I/R-Glu) and those exposed to the continuous glucose-infusion plus the rapid glucose injection before occlusion (I/R-GluR, Figs. 3 and 4) could be due of the timing of the hyperglycemia relative to brain ischemia. However, the differences observed also could be attributed to differences in the levels of hyperglycemia between the groups. Future experiments in the fetus to determine whether the more severe damage in the I/R-GluR than the I/R-Glu group resulted from the timing of the hyperglycemia relative to brain ischemia or level of hyperglycemia would be important.
In the human neonate, dexamethasone treatment can result in hyperglycemia (62, 63) . Although current recommendations have suggested that this treatment should be limited (64) , postnatal steroids are still given to sick, ventilator-dependent infants with bronchopulmonary dysplasia. These infants are at high risk for developing neurodevelopmental impairment (65) . Therefore, based upon our findings and those outlined above (62, 63) , we speculate that the combination of dexamethasone treatment, acute increases in plasma glucose concentrations, and hypoxic/ischemic brain injury (1) could place these infants at even greater risk for neurodevelopmental impairment (65) than their counterparts that are not treated with postnatal steroids and do not develop acute episodes of hyperglycemia.
In summary, we have examined the effects of exposure to moderate prolonged hyperglycemia with and without an additional rapid infusion of glucose on the brain damage after 30 min of bilateral carotid occlusion in the sheep fetus. We conclude that exposure to prolonged moderate hyperglycemia before ischemia and during reperfusion does not affect the extent of ischemic brain damage, but exposure to an additional acute increase in plasma glucose concentration before ischemia is extremely deleterious to the fetal brain.
